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ABSTRACT 
Monthlymeasurementsofvolatileorganiccompounds(VOCs)werecarriedout inafieldstudy inGreater
Cairo in theperiodof2005–2007.Tenapartmentswere chosenas sites forpassive samplingofVOCs in
differentpartsofGreaterCairo,Egypt taking intoconsideration the trafficvolumeprofileacross thecity
andthesuburbs.Theconcentrationsof29VOCs,belongingtothegroupsofalkanes,cycloalkanes,aromatic
hydrocarbons,halogenatedhydrocarbonsand terpenesweremeasured indoorandoutdoorat the same
time. A strong correlationwas found between siteswith high traffic volume and the concentration of
aromatic compounds. The measured VOC burden in the outdoor environment of the whole city is
dominatedbycompoundsrelatedtovehicleemissions,e.g.theBTEXcompounds(benzene,toluene,ethyl
benzeneandxylene).ThespatialvariationoftheindoorBTEXexposureissimilartotheoutdoorexposure.
Thisimpliesastronginfiltrationofoutdoorambientairpollutionintotheindoorenvironment.Thehighest
indoorBTEXconcentrationwasmeasured in thecitycentre (172μg/m3).Significantseasonalcycleswith
highvaluesinwinterandlowervaluesinsummermonthscouldbemodelledforindoorconcentrationsof
BTEX and terpenes. This is in accordance with findings inMiddle Europe (Germany) with completely
differentclimateandbuildingcharacteristics.
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1.Introduction

Megacities with several million inhabitants and an everͲ
growingurbanizationare typical forseriousairpollutionresulting
from high traffic volume, combustion processes and industrial
areas nearby. Besides SO2, NOX, and particulatematter, volatile
organiccompounds(VOCs)areanimportantclassofpollutantsdue
totheirstrongassociationwithadversehealtheffects(Woodruffet
al., 1998). Especially the BTEX aromatics (benzene, toluene,
ethylbenzene,andxylene)shouldbeconsidered indetailbecause
oftheirharmfulpotentialandtheirstrongcorrelationwithmotor
vehicleexhaustemissions.Additionally,VOCsaresuspectedtobe
involved incausingallergicdisorders(atopiceczemaandasthma),
especially in combinationwith long–termexposures and/orearly
childhood(Herbarthetal.,2002;Rumchevetal.,2004;Herbarthet
al.,2006).

Thehugevehicleemissionsasthemainpartofairpollutionin
Cairohavebeenknownforseveralyearsandafewstudiestowards
the concentrations of VOCs and particulate matter have been
published (Doskey et al., 1999; Abu–Allaban et al., 2002). As
published recently, theambientBTEXconcentrations inCairoare
amongthehighestworldwide(Khoder,2007).

Asmostpeoplespendthemajorityoftimeindoorstheindoor
exposureplaysan importantrole intheoverallpersonalexposure
and therefore in any health risk assessment. In industrialised
countriesatmoderateclimate(e.g.Germany)pollutants in indoor
airareaccumulateddue to centralheatingand lowairexchange
rates,especiallyinwintermonths.Asaconsequence,inregionsof
moderate climate indoor concentrationsofVOCs canexceed the
outdoor burden (Begerow et al., 1995; Rehwagen et al., 1999;
Mitchelletal.,2007).A typical seasonal cycleof the indoor total
VOCswas found inGerman apartments (Rehwagen et al., 2003;
Schlinketal.,2004).Thesefindingsarepresumablynotnecessarily
valid fortheNorthernEgyptwhich ischaracterisedbysubtropical
climate and a different lifestyle. However, there is a lack of
informationaboutthe indoorVOCexposurescenario inCairoand
the influence of the high outdoor BTEX concentrations. There is
only one study published on indoor exposure in Cairo which
evaluates the concentrations of aromatic hydrocarbons in office
buildings (Khoder, 2006).More detailed data about the outdoor
andindoorVOCsituationacrosstheGreaterCairoareaareneeded
to perform risk assessments in the future. In contrast, there are
extensive studies in Europe to evaluate systematically the
relationshipbetween indoorairpollutionandhumanexposureto
pollutants,e.g.theAIRMEXproject(Kotzias,2005).

In the present study the concentrations of 29 VOCs (BTEX
included)weremeasuredat10differentsitesinCairotoachievea
spatial assessment of the VOC burden across theGreater Cairo.
Themeasurementsweredoneoutsideand insideapartments for
severaltimesoveraone–yearperiodtoinvestigatetheseasonality
oftheVOCconcentrations.Toourbestknowledge,anassessment
oftheVOCexposureinapartmentsinCairowasdoneforthefirst
time.


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2.Methods

2.1.Fieldstudies

Urbanizationand industrializationhave increasedveryrapidly
in Greater Cairo. The Greater Cairo area has about 15million
inhabitants. For the Greater Cairo area, the statistics of the
Egyptian government reported 1735724 vehicles in April 2003.
Thenumberofvehicleshas increasedby10%perannum.About
64%of the industries inEgyptare concentrated inGreaterCairo
area.ThesefactsintensifytheproblemofcontaminationofCairo’s
environmentwith various impurities and environmental hazards
(Robaa,2006).

Climatologically,Cairofollowsasubtropicalclimate.According
to the characteristic meteorological conditions of Egypt, the
averagedailymean,maximum,andminimum temperaturesover
Cairorangefrom13.8,19.7and8.8°C,respectively,inJanuary,to
27.9, 34.9 and 22.3°C, respectively, in July.Wind speed ranges
from 2.8 kt duringOctober to 5.6 kt duringMay. The prevailing
windsareN,NWandW,withpercentageofoccurrence31.8,12.9,
12.8, respectively. These wind directions could cause rapid
transportation of pollutants and other urban wastes from the
adjacent industrial area of Shubra El–Kheima to the urban Cairo
area. In summer, strong vertical temperature gradients lead to
enhanced vertical convection in this area, carrying airpollutants,
such as organic compounds and aerosols, aloft and enhancing
turbidity(Zakeyetal.,2004).

Weselected10apartmentsassamplingsitesindifferentparts
ofCairoasshowninFigure1:ElHaram(Pyramides)fromthewest,
ElMokatam hill andNasr city from the east andHelwan and El
Maadi from the South, Shubra, Heliopolice and El Obour from
north and north east and El Kasr El Ani and El Attaba from the
centre.These sitesare representingdifferentmicroenvironments
(streets, near industries, urban areas and residential areas). The
10ambient air monitoring sites are classified according to the
predominant land use surrounding the site (see Table 1). Seven
sites are in residential areas influenced by industries nearby or
traffic. Three sites were considered as pure residential sites (El
Mokatam,NasrcityandElObour).Thesampleswerecollected in
the period from September, 2005 to March, 2007. Generally,
samplingwascarriedoutonceamonth inSeptember,December,
January,February,April,May,August,September,Novemberand
December for the sites 1–9. In all cases,datawere collected for
indoor and outdoor microenvironments. Because of technical
restrictionssampling insiteNo.10 (ElObour)wasperformedonly
threetimes.Intotal,185samplesweretaken.

2.2.Sampling

ForpassivesamplingofVOCspassivediffusionmonitors(type
OVM 3500, 3M Company, Canada)were used.During a 4–week
periodthemonitorswereexposedtotheindoorandoutdoorairof
rooms,whichwererepresentativeforthesamplingsite.Generally,
thesamplerswerehunginthemiddleoftheroomataheightof2–
2.5m.

TheresultsbyBegerowetal.(1999)clearlydemonstratedthe
usefulness of passive sampling for the determination of VOC
concentrations in indoor and outdoor air at environmental
conditions. For airmonitoring down to the ng/m³ range usually
longsamplingperiods,uptoseveralweeksareapplied.According
to Shields andWeschler (1987) even after an 8–week sampling
period at environmental conditions, no overload of the passive
samplersoccurred.

2.3.Samplepreparationandgaschromatographicanalysis

Afterexposure,theVOCsweredesorbedfromtheadsorption
layers (charcoalpads)bymeansof carbondisulfide (promochem
GmbH,Wesel, Gemany) which contained the internal standards
cyclododecaneandbenzene–d6(bothanalyticalgradequalityfrom
Fluka, Deisenhofen, Germany). After the extraction period of
30minthesolutionwasdecantedintoGCvialsforanalysis.



Figure1.MapofGreaterCairowithsamplingsites.


The VOC analysiswas performed on a Perkin ElmerGC–MS
systemequippedwithanRTX–1 column (Restek;60mx0.32mm
I.D., 1.0μm film thickness). The oven temperature was held at
43°C for 5 min, and then programmed to 200°C at a rate of
2.5°C/min.A sample volumeof 1μlwas injected in the splitless
mode.Integratedareasofselectedfragmentionsfromeachofthe
29VOCswereobtainedwiththesoftwareTurbomass,Version4.4
(PerkinElmer).

After calibration of all compounds of interest, the adsorbed
amounts of VOCwere calculated according to the 3M Technical
Bulletin1028.Adetaileddescriptionofcalibration,calculation,and
the analytical parameters is given in Rehwagen et al.  (2003).
Recovery coefficients were determined by direct injection of a
knownamountof the standard intoa3M sampler.The recovery
wasbetween98and102%.Detection limitswere found to range
from0.01 to0.05μg/m3 fora sampling intervalof4weeks.The
relativestandarddeviationwastypicallybelow10%.

2.4.Statisticalmethods

For statistical processing, GenStat 10.1was applied (Payne,
2000). The analysis was based on the median and its 95%
confidenceintervalofthemeasuredVOCconcentrations.

To calculate the rank values luq ,  of upper and lower
confidencelimitsforthemedianofmonthlysubgroupsweused
the normal approximation > @ > @quqEq lu var2/05.01, r|   with
96.12/05.01  u  representing the 95th percentile of the standard
normal distribution. This approximation is nearly valid as the
samplesizesare 9tN (Lienert,1978).

As percentiles follow a binomial distribution (Lienert, 1978),
forthemedian(whichisthe50thpercentile,i.e.,q=1/2)we

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Table1.VOCsumbasedon29VOCandBTEXconcentrationsfromoutdoorandindoormeasurementsacrossGreaterCairo
(September2005–March2007).Descriptionofthemicroenvironment:R=residential,C=commercial,T=traffic,I=industrial

   VOCsum(μg/m3) BTEX(μg/m3)
Site(SiteNo.) Description Sampling
Frequency
Outdoor
median
Outdoor
average
Indoor
median
Indoor
average
Outdoor
median
Outdoor
average
Indoor
median
Indoor
average
Attaba(7) R,C,T 10 343.8 381.1 364.9 381.3 204.0 211.4 171.8 178.9
ElKasrElAni(1) R,C,T 10 226.4 214.1 207.0 184.7 130.9 118.0 105.4 95.4
ElMaadi(5) R,T 10 175.7 196.6 223.6 245.7 98.7 108.0 65.0 73.5
Helwan(6) R,I 10 152.5 233.7 180.2 336.9 58.1 54.8 53.0 54.0
ElHaram(2) R,T 10 144.7 276.2 219.9 272.1 68.9 65.9 62.0 79.1
Heliopolice(3) R,T 10 92.4 97.5 167.1 296.9 44.4 48.6 50.1 58.6
Shubra(8) R,I 10 73.9 92.5 240.2 264.5 36.6 43.0 34.1 41.0
ElMukatam(9) R 10 80.1 91.8 124.6 159.4 29.1 29.6 29.1 36.4
Nasrcity(4) R 10 42.0 49.3 86.3 103.5 16.9 23.7 30.5 31.9
ElObour(10) R 3 36.7 61.2 56.2 91.2 15.8 20.6 16.8 17.6


canspecify theexpectationvalue > @ 2/NNqqE   and thevariance
> @   4/1var NqNqq   .

Asthedatadidnot followanormaldistribution function,we
used theMann–WhitneyU–testand theH–testofKruskal–Wallis
to detect significant differences between groups of data. These
testsreferonlytothestatisticsofthedataanddonotincludethe
measurementerrors.

ToassesstheamplitudeoftheobservedannualcycleofVOCs
and to enable a conversion between concentrations observed in
differentmonths,wefittedaseasonalmodeltothe logarithmsof
the monthly medians of concentrations. The predictors are
harmonicfunctionsofthetime(minmonths)andthecoefficients
havebeenestimatedbymeansofregressionanalysis.

3.ResultsandDiscussion

3.1.SpatialvariationofoutdoorandindoorVOCs

The outdoor and indoor VOC sum concentrations (median
values)resulting from9 independentmeasurements foreachsite
aregiveninTable1.ThisVOCsumcontainsthealkanesC6–C16,the
cycloalkanes methylcyclopentane, cyclohexane, and methylͲ
cyclohexane, the aromatic hydrocarbons benzene, toluene,
ethylbenzene,o–,m–, p–xylene, styrene, 4–, 3–, 2–ethyltoluene,
naphthalene, andmethylbenzoate, the chlorinated hydrocarbons
chlorobenzene,trichloroethylene,andtetrachloroethyleneandthe
terpenesɲ–pinene,ɴ–pinene,ȴ3–carene,andlimonene.

It isobvious fromTable1 that theoutdoorconcentrationof
thoseVOCswhichwemeasured ishighest in thecitycentre (e.g.
site No.7), lower in locations a few kilometres away from the
centre(siteNo.3),andlowestindistantareas(siteNo.10).Thisisin
accordancewiththefindingsbyKhoder(2007)whoalsofoundvery
highvaluesintheinnercityanddecreasingvaluesinruralorpurely
residentialareas.SimilarresultswereobtainedforVOCmonitoring
in and around Athens, which is also characterized byMediterͲ
raneanclimate(Rappenglucketal.,1998).Thisimpliesthefactthat
thehighairpollution isspreadingout fromthecitycentre to the
bordering area by transport. A similar hypothesis was also
suggestedbyIlgenetal.(2001).

Becauseof their health relevance and important role in the
photochemical formation of ozone (Atkinson, 2000) the BTEX
profilesweretakenintodeeperconsiderations.Especiallybenzene
is considered as one of themost important compounds for this
studyduetoitscarcinogenicity(WHO,1993).Themajorhealthrisk
associatedwithexposuretobenzeneisleukaemia.

Table 1 shows also a clear local dependence of high BTEX
values. Sites in the city centre aremore burdened than sites in
pureresidentialregions.ThesitesNo.1andNo.7arecharacterised
byaBTEXexposurewhich is2.5to20timeshigherthanreported
for Europe and North America, both indoor and outdoor
(Rehwagenetal.,2003;Payne–Sturgesetal.,2004;Jiaetal.,2008;
Iovinoetal.,2009). From the indoor values inTable1, it canbe
concludedthatthespatialvariationoftheindoorBTEXexposureis
similar to the outdoor exposure. The indoor concentrations of
BTEX in thecitycentre (e.g.AttabaandElKasrElAni)were3–5
timeshigherthanthosemeasuredatdistantsites.Asanexample,
an average indoor benzene concentration of 17.2 μg/m3 was
observedforsiteNo.7incontrasttositeNo.10with3.0μg/m3.The
fact,thattheindoorairespeciallyintheinnercityareaisburdened
byBTEXtosuchahighextent isanalarmingaspectsincemostof
the office buildings, banks, and shopping centres with a high
numberofemployersarelocatedinthecitycentre.

To assess the possible sources of the BTEX exposure,
benzene/tolueneratioscanbecalculated.Anaveragevalueof0.35
was calculated for thebenzene/toluene ratio for all theoutdoor
measurements.This is ingoodagreementwithrecentlypublished
measurements in Cairo by Khoder (2006) who also found a
benzene/toluene ratio of 0.35 in ambient air. It is known from
studies performed in the United States using a chemical mass
balance receptor model, vehicle exhaust results in a
benzene/toluene ratio of 0.5 (Scheff and Wadden, 1993).
Thereforeitcanbeassumedthatmotorvehicleemissionisoneof
thesourcesforthehighBTEXexposureinCairo.

Thebenzene/toluenedistributioninsidebuildingsisnearlythe
sameasoutside.Anaveragevalueof0.30wascalculated for the
benzene/tolueneratioforallindoormeasurements.Thisimpliesa
strong infiltration from the outdoor ambient BTEX pollution into
the indoor microenvironment with only small effects from
additionalindoorsourcesoftoluene.TheindoorexposureofBTEX
is therefore dominated by the outdoor exposure. To verify the
occurrenceofa transfer fromoutdoorair into the indoormicroͲ
environment matched pairs of concentrations of benzene that
were measured simultaneously, were analyzed. The positive
correlationbetweenoutdoor and indoorbenzene concentrations
(r=0.92) is shown in Figure 2. A reasonable approximation is a
linearrelationshipthatwasfittedbylinearregression.Asaresult,
themonthly indoor concentration of benzene can be predicted
fromtheoutdoorconcentrationaccordingto:

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Cbenzene,indoors(μg/m3)=(1.59±0.40)+(0.72±0.03).Cbenzene,indoors(μg/m3)
 (1)

Thereareonly three indoorairbenzene concentrations that
exceedthenormallevelandthismightbeattributedtohouseholds
with smokers. In general, a differentiation between smoker and
non–smokermicroenvironmentswasnotdonebecauseofmissing
statementsoftheresidents.


Figure2.Associationbetweenbenzene exposure indoorsandoutdoors in
apartmentsinGreaterCairo(n=84).


In general, the indoor VOC exposure is affected both by
infiltration from the outdoor air and personal activities of the
residents (Dodson et al., 2007). The latter includes everything
related to the indoors such as furniture, carpets, paints and
varnishes(HerbarthandMatysik,2010)andtothelifestylesuchas
the use of cleaning detergents and smoking. This explains the
discrepanciesbetween the29VOCsumconcentrationsmeasured
indoorsandoutdoorsaspresentedinTable1,inparticularforthe
siteNo.8.However, themeasurement of only 29 selected VOCs
cannotgiveageneralpictureoftheVOCexposuresincealdehydes,
organicacids,otherpolarcompoundsandlow–boilingcompounds
cannotbecollectedandanalysedreliablybyusingthe3Mpassive
samplingdevices(ShieldsandWeschler,1987).

3.2.TemporalvariationofoutdoorandindoorVOCs

Seasonal variations of the outdoor concentrations of VOCs
wereobserved in Europe,Asia andNorthAmerica (Cheng et al.,
1997;Morikawaetal.,1998;NaandKim,2001).The indoorVOC
concentrations undergo in continental and temperate climates
seasonally–relateddeviations(Rehwagenetal.,2003;Schlinketal.,
2004)whichcouldbeexpressedaspronouncedcycles.

MultipleVOCmeasurementswereperformed inCairo in the
courseof twoyears toexamine the seasonalvariations in indoor
andoutdoorVOCexposure(seeSection2.1).

At first, the seasonal effect was studied on the outdoor
concentrationsbymeansoftheKruskal–Wallistest.Notethatthe
test was conducted using the all data set that included the
uncertaintiesofmonthlyobservations.Avalueofp<0.05indicates
statistically significant differences in the VOC concentrations
between monthly measurements. The annual median, the
confidence limits, and the Kruskal–Wallis p–values are given in
Table2.


Thecompoundswithap–value<0.05mightfollowaseasonal
function over 12months. To demonstrate this behaviour and to
enableaconversionbetweenconcentrationsmeasuredindifferent
months, a seasonal model to the logarithms of the monthly
mediansofconcentrationscouldbefittedforallcompoundswitha
Kruskal–Wallis p–value<0.05. Themaximum/minimum ratiosof
themonthly concentrations (median values of all sites) and the
summer/winterratios(seeTable2)ascribetheamplitudeofthese
annualcycles.Itshouldbenotedthatthemodelbasedonlyonthe
medianvaluesastheyarerobustwithoutliers.Thepredictorsare
harmonic functions of time. For benzene, Equation (2) describes
this harmonic function for the outdoor values. R2 expresses the
fitnessofthemodel.

logCbenzene,outdoors(median)(μg/m3)=2.00+0.40.cos(2ʋm/12)
+0.13.sin(2ʋm/12)(R2=0.82) (2)

where m denotes the month of the year (between 1 and 12,
JanuaryandDecember,respectively.

Thesummer/winterratiosindicatestatisticallyhigherconcenͲ
trationsinwinterthaninsummerforallcompounds(p<0.05).

Thesamecalculationsweredone forall indoordata (median
valuesofallsamplingsites)asexpressedinTable3.Annualcycles
for the indoor concentrations were modelled according to the
procedurepresentedabove.

The p<0.05 criterion was fulfilled for the indoor
concentrationsofC6–C8alkanes,cyclohexane,methylcyclopentane,
methylcyclohexane, ȴ3–carene, ɴ–pinene, limonene, benzene,
ethylbenzene, propylbenzene, toluene, m–, p–, o–xylene and
styrene. The lowest summer/winter ratio was obtained for
limonene indicatinga seasonalcyclewithpronouncedamplitude.
Theseasonalcyclesof the indoorconcentrationsofbenzene, the
BTEX sum and the terpene sum of ȴ3–carene, ɴ–pinene, and
limonenearepresentedinFigure3.

The predictors for the indoor concentrations are given in
Equations(3),(4),and(5):


> @ )12/2sin(25.0)12/2cos(48.085.1)(log mmcmedian benzene SS   (3)
> @ )12/2sin(95.0)12/2cos(47.138.2)(log mmcmedian terpenes SS   (4)
> @ )12/2sin(13.0)12/2cos(62.082.3)(log mmcmedian BTEX SS   (5)


Themaincharacteristicsofthese functions, i.e.highervalues
inwinter and lower values in summer are similar to the results
obtainedinEurope(Rehwagenetal.,2003).Thelowerindoorand
outdoor concentrations of BTEX in summer months can be
explained by a faster degradation process in the lower
troposphere. Benzene and alkyl–substituted benzenes reactwith
OH radicals and NO3 radicals, with the OH radical reaction
dominatingasthetroposphericremovalprocess(Atkinson,2000).
This process can only partly be responsible for the monthly
deviations, inparticular forbenzene.Othersporadicandcomplex
influencesmightalsoplayarole,e.g.industrialemissionsfromthe
industrialareasnearbyandthemeteorologicalconditions.





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Table2.StatisticalresultsofoutdoorVOCsmeasuredbetweenSeptember2005–March2007inGreaterCairo.
n=10forninesamplingsitesandn=3foronesamplingsite

Compound
lower
annual
median
(μg/m³)
upper
max/minof
monthly
median

Kruskal–
Wallisp–
value
R²of
modeled
harmonic
function
confidence
limit
confidence
limit
Summer/
Winter
(μg/m³) (μg/m³) ratio
Hexane 6.66 9.06 10.70 3.32 0.23 0.005 
Heptane 3.9 5.27 7.17 3.70 0.20 0.018 
Octane 2.23 2.66 3.71 3.57 0.17 0.01 
Nonane 1.91 2.32 3.15 3.31 0.23 0.011 
Decane 2.63 3.13 3.89 2.07 0.40 0.524 
Undecane 2.14 2.51 2.85 2.15 0.36 0.477 
Dodecane 3.15 3.55 4.38 1.94 0.92 0.082 
Tridecane 1.33 1.62 1.99 2.71 0.76 0.194 
Tetradecane* 2.17 2.73 3.63 3.45 1.31 0.087 
Pentadecane* 0.92 1.1 1.3 2.07 0.44 0.33 
Hexadecane* 1 1.25 1.46 1.97 0.99 0.097 
Pentamethylheptane 0.02 0.02 0.03 2.55 0.33 0.085 
Heptamethylnonane 0.08 0.09 0.1 2.02 0.89 0.005 
Cyclohexane 1.05 1.41 1.93 5.09 0.15 0 
Methylcyclopentane 2.51 3.32 4.57 3.59 0.21 0.001 
Methylcyclohexane 2.11 2.59 3.32 5.47 0.15 0.001 
ѐ3ͲCarene 0.13 0.15 0.25 7.33 0.12 0.003 0.79
ɲͲPinene 1.04 1.21 1.58 2.92 2.21 0.098
ɴͲPinene 0.16 0.2 0.23 3.34 0.17 0.021 0.74
Limonene 1.28 1.68 2.14 16.34 0.17 0 0.94
Benzene 6.16 7.81 10.49 2.87 0.28 0.001 0.82
Ethylbenzene 2.5 3.07 4.35 3.14 0.29 0.022 0.89
Propylbenzene 0.81 1 1.27 3.55 0.18 0.07
Isopropylbenzene 0.3 0.35 0.47 3.68 0.16 0.098
1,2,3ͲTrimethylbenzene 1.05 1.37 1.67 3.63 0.16 0.091
1,2,4ͲTrimethylbenzene 3.73 5.2 6.65 3.83 0.18 0.101
1,3,5ͲTrimethylbenzene 1.09 1.52 1.86 3.88 0.16 0.156
Toluene 16.32 22.84 30.39 3.26 0.23 0.04 0.82
2ͲEthyltoluene 0.83 1.13 1.4 3.76 0.19 0.065
3ͲEthyltoluene 1.08 1.23 1.89 3.70 0.23 0.061
4ͲEthyltoluene 2.21 2.74 4.03 3.73 0.23 0.075 
m,pͲXylene 8.82 11.57 16.43 3.73 0.26 0.027 0.84
oͲXylene 2.83 3.88 5.23 4.01 0.24 0.024 0.83
Styrene 0.33 0.46 0.57 4.03 0.21 0 
Naphthalene 0.21 0.25 0.38 4.35 0.11 0.052 
pͲDichlorobenzene 0.07 0.09 0.11 2.55 1.24 0.289 
Methylisobutylketone 0.06 0.07 0.08 2.04 0.48 0.474 
*ValuesmeasuredinMaywereomitted  


Themainemission sourceof loweralkaneshasbeenvehicle
exhaust and gasoline evaporation. The indoor exposure of these
alkanes is therefore dominated by the outdoor exposure. In
contrast, alkanes with longer chain length are mostly emitted
indoorsbythe interiormaterials,e.g.paintandvarnish (Herbarth
andMatysik,2010).ThiscouldexplainwhyonlytheC6–C8alkanes
showsignificantmonthlydifferences.

It can be seen from the R2 values in Table 3 that amore
pronouncedseasonalcyclecouldbemodelledfortheterpenes

thanforthearomatichydrocarbons(BTEX).Thereisnoexplanation
whyɲ–pinenedoesnot follow this function. Ingeneral, terpenes
are strongly related to indoor sources (Nazaroff andWeschler,
2004). The high terpene values in winter months indicate that
indooractivitiesoftheresidentsinbuildingsinCairoaresimilarto
citiesinEurope.Thatwasnotexpectedbecauseofthesubtropical
climate and thedifferent kindsofbuilding constructions and life
styleinEgypt.




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Table3.StatisticresultsofindoorVOCsmeasuredbetweenSeptember2005–March2007inGreaterCairo.
n=10forninesamplingsitesandn=3foronesamplingsite

Compound
lower
annual
median
(μg/m³)
upper
max/minof
monthly
median

Kruskal–
Wallisp–
value
R²of
modelled
harmonic
function
confidence
limit
confidence
limit
Summer/
Winter
(μg/m³) (μg/m³) ratio
Hexane 6.46 7.63 10.01 3.32 0.23 0.002 
Heptane 4.21 4.84 6.07 3.54 0.23 0.002 
Octane 2.54 2.93 3.74 3.48 0.21 0.005 
Nonane 2.65 3.78 4.86 4.58 0.18 0.072 
Decane 4.71 5.74 8.98 3.05 0.22 0.617 
Undecane 3.60 4.89 8.06 3.19 0.24 0.734 
Dodecane 5.53 6.45 9.02 2.43 1.90 0.629 
Tridecane 2.23 2.70 3.71 2.14 0.97 0.354 
Tetradecane* 3.38 3.81 4.72 2.39 1.93 0.151 
Pentadecane* 1.34 1.57 2.08 1.82 1.54 0.716 
Hexadecane* 1.30 1.74 1.97 2.36 2.22 0.281 
Pentamethylheptane 0.04 0.05 0.07 3.59 1.52 0.162 
Heptamethylnonane 0.09 0.10 0.13 3.48 1.10 0.081 
Cyclohexane 1.00 1.40 1.83 3.91 0.25 0.000 
Methylcyclopentane 2.30 2.87 4.03 3.01 0.27 0.001 
Methylcyclohexane 2.26 2.57 4.07 5.42 0.15 0.000 
ѐ3ͲCarene 0.59 1.07 1.66 9.04 0.16 0.023 0.71
ɲͲPinene 3.62 4.93 6.39 5.46 0.72 0.162 
ɴͲPinene 0.81 1.30 2.08 6.89 0.13 0.006 0.94
Limonene 5.30 9.36 17.94 31.72 0.04 0.000 0.96
Benzene 5.75 7.08 8.96 2.72 0.37 0.000 0.85
Ethylbenzene 2.68 3.18 3.85 2.32 0.37 0.014 0.89
Propylbenzene 0.93 1.10 1.27 2.63 0.28 0.044 
Isopropylbenzene 0.36 0.41 0.49 2.55 0.36 0.064 
1,2,3ͲTrimethylbenzene 1.32 1.60 2.18 3.16 0.24 0.127 
1,2,4ͲTrimethylbenzene 4.62 5.60 7.49 3.22 0.22 0.060 
1,3,5ͲTrimethylbenzene 1.41 1.69 2.18 3.34 0.21 0.177 
Toluene 19.40 23.40 29.16 3.65 0.25 0.005 0.88
2ͲEthyltoluene 1.02 1.23 1.61 3.03 0.24 0.063 
3ͲEthyltoluene 1.14 1.38 1.97 2.48 0.35 0.100 
4ͲEthyltoluene 2.37 2.83 4.12 2.80 0.31 0.071 
m,pͲXylene 9.68 11.68 13.69 2.23 0.38 0.015 0.88
oͲXylene 3.30 3.88 4.66 2.18 0.43 0.015 0.86
Styrene 0.56 0.68 0.78 3.15 0.37 0.001 
Naphthalene 0.35 0.43 0.57 2.70 0.81 0.400 
pͲDichlorobenzene 0.10 0.13 0.18 3.52 1.98 0.484 
Methylisobutylketone 0.09 0.11 0.15 1.56 1.13 0.953 
*ValuesmeasuredinMaywereomitted  


4.Conclusion

ItwasdemonstratedthattheGreaterCairoarea isburdened
by BTEX, especially in the city centre. In placeswith high traffic
volume the BTEX compounds originating from vehicle exhaust
emission exceed 100μg/m3. Similar concentrations for the BTEX
compounds were measured inside the apartments. This is an
alarming fact,especially in the caseof thecarcinogenicbenzene.
Theoverallpersonalexposureof individuals isa time functionof
their activities. Due to the high exposure to VOCs with high
amounts of aromatic hydrocarbons in the outdoor and indoor
microenvironments,thepersonaluptakeofVOCsforinhabitantsin
Cairo is critical. The seasonal dependence of the measured
concentrations has to be taken into consideration to assess the
indoorVOCexposureforanyhealthstudies.Inordertodothis,the
measured concentrations in a certain period (e.g., summer
months)have tobeadjusted forotherperiodsusingappropriate
cyclefactors(Schlinketal.,2004).

As Cairo is characterized by warm climate with high solar
radiation,specialconsiderationshouldbefocussedtomonitorthe



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(a)
(b)
(c)
Figure 3. Annual pattern of (a) benzene (b) terpene sum and (c) BTEX
concentrations based on indoor measurements (10 sampling sites in
GreaterCairo).


ozone concentration and secondary emission products inside
buildings. These  products  are   formed  by thereactions of
volatile organic compounds with oxidants (e.g. ozone, nitrogen
dioxide)andmaybeconsiderablymoreharmfulthanthereactants
(Nazaroff and Weschler, 2004; Weschler, 2006; Wolkoff et al.,
2006). Products of terpene–ozone reactions are of particular
interest because terpene concentrations play also an important
roleinCairo’sapartments.
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